formations, in ascending order (Fig. ). The TatsunoTatsunokuchi and Motohata formations that occur in Kitakami City, Iwate, Northeast Japan. These formations Sequence stratigraphic and organic matter analyses were carried out on the Miocene to Pliocene Ishibane, consist of nine facies and a depositional sequence that formed during a rise and fall of sea level. The proportions of vitrinite and cutinite are high in fluvial deposits of the lowstand systems tract. The total organic carbon content and the proportion of NFA (non-fluorescent amorphous kerogen) increase with transgression, because the sedimentary environment changed into an estuary with bottom anoxia. The proportions of vitrinite and cutinite increase in the highstand systems tract. These phenomena indicate the strong influence of river discharge.
Introduction Facies descriptions and interpretations
Location map of the study area and geologic setting Stratigraphy and age of the Ishibane, Tatsunokuchi
Fm. : Formation ; FT : Fission-track age.
around the study area (modified from Oishi et al., ).
scale trough-type cross-laminae are present within large cross-stratification (epsilon cross-stratification). Facies B erosionally overlie Facies H and E. Facies B is interpreted as fluvial channel deposits, because it exhibits a unidirectional flow structure, a channelized base and a lack of evidence for biological activity. This facies also exhibits upward-fining and is overlain by muddy deposits of Facies C. Meandering river deposits are characterized by an upward-fining succession, the dominance of muddy deposits and the presence of epsilon cross-stratification formed by the lateral accretion of a point bar (Walker and Cant, ) . Therefore, Facies B is considered to be fluvial channel deposits of a meandercies and lack evidence of biological activity. Furthering river system. more, this facies is characterized by the aggradation of thin channel-fill deposits and lacks mudstone beds.
Facies C ( m thick) consists of claystone, siltstone, Braided river is characterized by abandoned channels and very fine-grained sandstone and lignite. The mudstone is its rapid migration limits the accumulation of finer matelight to dark gray, and contains obscure parallel laminae rial (Walker and Cant, ) . Therefore, Facies A is and water-escape structures. Sandstone beds contain interpreted as fluvial channel deposits of a braided river intercalated lenticular gravel beds with channelized bases. system.
Many root traces and wood fragments are present. Bioturbation is rare, but is present. Facies C Facies B ( . . m thick) consists of poorly sorted gradually overlies Facies B. and fine to very coarse-grained sandstone, and matrixFacies C is inferred to represent the flood plain of a supported pebble conglomerate. It exhibits an upwardmeandering river system, because it is muddy, includes fining facies succession from conglomerate to crossmany root traces and overlies meandering-river-channel bedded sandstone. Conglomerate clasts are subrounded deposits. The lenticular gravel beds with channelized to subangular. Conglomerate beds exhibit channelized bases represent chute-channel deposits. bases and normal grading. Sandstone beds have normal grading and trough-stratification. Furthermore, smallFacies D ( cm thick) consists of greenish gray silt- ). Large trace fossils and intense bioturbation are evidence for an Facies I (less than cm thick) mainly consists of very oxic marine habitat where benthic organisms were active.
poorly sorted and fine-grained sandstone, and contains Therefore, Facies D is interpreted as tidal flat deposits.
subrounded, pebble-size conglomerate in its basal part. The large cross bedded sandstone is inferred to represent
This facies is structureless and shows intense bioturbatidal creek deposits formed by flood tides, based on their tion. Facies I is gradually overlain by Facies E or G and channelized bases and landward-directed paleocurrents.
erosionally overlies Facies C or F for the most part. Facies C and F are inferred to have been deposited in Facies F ( . . m thick) consists of light to dark gray shallower environments than Facies E and G. These and greenish gray siltstone. This facies is mostly strucfacies changes imply transgression. Therefore, Facies I is tureless and contains water-escape structures. It is charconsidered to consist of transgressive-lag deposits that acterized by the presence of many root traces, wood were formed by tidal erosion within estuary environments fragments and pine cone fossils. Bioturbation is moderate during a transgression. Furthe to rare.
is present. Facies F gradually overlies Facies G and E, and is erosionally overlain by Facies I.
Facies F is interpreted to have been deposited in a muddy marsh environment on land, because this facies consists of siltstone with many root traces. Bioturbation and trace fossils also reflect the influence of seawater. Sequence stratigraphy and organic matter preservation of the Tatsunokuchi Formation rmore, the erosional surface is inferred to be a bay-ravinement surface (Nummedal and Swift, ).
The total organic carbon (TOC) content ranges from . to .
( Fig. ) (Fig. ) . Therefore, estuary deposits of the Tatsusporinite (less than .
) and NFA (non-fluorescent shows that the activity of benthic organisms was reamorphous kerogen) ( . to .
). A few broken stricted, due to the stress imposed by fresh water. in the freshwater alginite are present on some slides. Well-preserved dinoflagellate cysts are present on all slides of the estuary deposits.
The TOC content of LST fluvial deposits is relatively low (about . ) ( Fig. ) . This reflects the fact that overlie basement rocks of the Hishinai Formation organic matter was unlikely to be preserved under oxic (Oishi et al., ) . The boundary between these formabottom conditions. The organic matter composition of tions is thought to be a sequence boundary (e.g. Pofluvial deposits is characterized by high proportions of samentier and Vail, ) that was formed by fluvial vitrinite, fusinite, cutinite and sporinite, which are coarseerosion during a sea-level fall. In embayment settings, the grained and terrestrial in origin, and by the occurrence of bay-ravinement surface (Nummedal and Swift, ), the freshwater alga These support the conwhich lies between fluvial deposits of the Ishibane Formaclusions based of facies analysis. tion and estuary deposits of the Tatsunokuchi Formation, corresponds to a transgressive surface. Therefore, fluvial deposits above the sequence boundary and below the The TOC content of the TST estuary deposits increased transgressive surface are inferred to represent a lowstand from about . to . during transgression (Fig. ) . systems tract (e.g. Posamentier and Vail, ) ( Fig. ) . The TOC trend reflects the estuarine bottom conditions The lower part of the Tatsunokuchi Formation is changing to anoxic, which is suitable for preserving ormainly composed of tidal flat and estuarine central basin ganic matter. The proportions of vitrinite, cutinite and deposits, in ascending order. This facies succession shows sporinite decrease toward the MFS, whereas the NFA the expansion of the estuary during transgression. The increases. However, Omura et al. ( ) conducted ortidal flat had an oxic bottom, based on the presence of ganic matter analysis of the Pleistocene Uonuma Formaintense bioturbation and large trace fossils. In contrast, tion in Niigata Prefecture, and reported that the proporthe estuarine central basin had an anoxic bottom, because tion of NFA was low in estuarine central basin deposits. bioturbation declined. A laterally traceable marine bed Tyson ( ) stated that a portion of the amorphous with molluscs is shown in the geological cross section organic matter was produced by benthic bacteria under (Oishi et al.,
) of the Kitakami Lowland. This horizon is interpreted as a maximum flooding surface nokuchi Formation, therefore, might have been preserved (MFS), in which the coastline moved to its most inland as NFA in sediments under anoxic bottom conditions. site. The MFS correlates with the horizon about m Marine dinoflagellate cysts are well-preserved throughout above the base of the stratigraphic column in the study the TST deposits, and their proportion increases toward the MFS. These phenomena suggest that the influence of marine water increased in response to the sea-level rise. as a transgressive systems tract (TST) and a highstand
The TOC content of the HST deposits decreased to systems tract (HST) (e.g. Posamentier and Vail, ), about . during regression, and the proportions of respectively. The HST is mainly composed of an estuarvitrinite, cutinite and sporinite increased. These phenomine central basin and tidal flat deposits, in ascending ena indicate the increased influence of river discharge, order. Bioturbation increases and large trace fossils are which brought in terrigenous organic matter. present in the upper part of this interval. These phenomena indicate that the estuarine bottom became oxic with regression.
The Tatsunokuchi Formation is unconformably overlain by fluvial deposits of the Motohata Formation (Oishi et al., ). This unconformity is inferred to be a sequence boundary and the fluvial deposits are regarded as an LST. An overall lack of bioturbation in this interval 
